Aerobic granular sludge grown in a sequential batch reactor was proposed as an alternative to anaerobic processes for organic matter and nitrogen removal from swine slurry. Aerobic However, nitrogen removal processes were negatively affected when applied OLR was 7.0 kg COD m À3 d À1 and NLR was 1.26 kg N m À3 d À1 . The operational cycle of the reactor was modified by reducing the volumetric exchange ratio from 50 to 6% in order to be able to treat the raw slurry without dilution.
INTRODUCTION
Intensive swine production is creating scenarios in which the swine slurry is not being correctly disposed and valorised. In Spain, with a swine population of around 26 Â 10 6 farm animals and an estimated swine slurry production of around 48 Â 10 6 tons/years (FAOSTAT 2009) , the amount of manure applied to land frequently exceeds the assimilatory capability of the soil-water-plant ecosystem of the crop lands. Therefore, the use of physical, chemical or biological processes is needed to avoid contamination of soil and groundwater by nutrients and heavy metals. A currently adopted swine wastewater treatment practice includes anaerobic digestion of carbonaceous compounds. The produced nitrogen rich effluent has to be treated before discharge, usually with nitrification and denitrification processes (Choi 2007) .
Sequencing batch reactors (SBR) are widely applied because of their flexible operating strategy and compact construction (Han et al. 2008) . When a SBR reactor is operated in aerobic conditions, applying the accurate operational parameters that promote the development of aerobic granular biomass, the benefits of this system increased. The size, the density and the compact structure of aerobic granules contribute to the accumulation of large amounts of biomass inside the reactors. Furthermore, oxygen mass transfer limitations promote the formation of anoxic and even anaerobic layers in their internal structure. The formation of these layers ) enables the possibility of carrying out simultaneously organic matter and nitrogen removal, and therefore aerobic granular sludge could be a good alternative to be used in swine slurry treatment (Kishida et al. 2009) .
Anaerobic digesters of swine wastewater are able to treat organic loading rates up to 6 kg COD m À3 d À1 but are limited in terms of nitrogen removal (Deng et al. 2006) . The organic and nitrogen loads treated in aerobic systems designed for organic matter and nitrogen removal are generally lower than 3 kg COD m À3 d À1 and0.3 kg N m À3 d À1 withremovalefficiencies up to 97% and 98%, respectively (Magrí & Flotats 2008) .
The objective of this work was to study the feasibility of the use of aerobic granular technology to treat swine slurry.
The start-up and the performance of the aerobic granular system were evaluated in terms of carbon and nitrogen removal efficiencies and special attention was paid to the physical properties of the granular biomass. Finally, the effect of the diminution of the operational volumetric exchange ratio was tested in order to treat raw slurry.
MATERIALS AND METHODS

Reactor description
A granular sequencing batch reactor (GSBR) with a working volume of 1.5 L and a height to diameter ratio of 5.5 was used. Air was supplied continuously during the aeration phase by air spargers located at the bottom of the reactor with an air flow of 3.5 L min À1 . This led to the formation of small bubbles that guarantee the complete mixture and the hydrodynamic conditions to promote the aerobic granulation. The volumetric exchange ratio was firstly fixed at 50% according to Beun et al. (1999) (Figure 1a ) and then decreased down to 6% (Figure 1b) . A set of two peristaltic pumps was used to introduce the feeding solution (on top of the reactor) and to discharge the effluent. A programmable logic controller (PLC) Siemens model S7-224CPU controlled the actuations of the pumps and valves, and regulated the different periods of the operational cycle.
Operational conditions and slurry composition
The GSBR was operated in cycles of 3 h distributed as follows: 3 min of feeding, 171 min of aeration, 1 min of settling and 5 min of effluent withdrawal.
The reactor operation was divided into two different stages according to the operational conditions ( (Table 1) . During Stage II raw manure was applied to the GSBR without previous dilution with tap water, keeping constant the previously used OLR and NLR. The volumetric exchange ratio was also reduced from 50% to 6%, and therefore the hydraulic retention time was varied from 0.25 to 1.88 d, to feed the same OLR as in Stage I by combining the increase of COD concentration in the feeding and the reduction of the inflow.
Slurry was obtained from a pig farm located in San Marcos (Santiago de Compostela). The swine slurry was sieved through 1 mm diameter mesh and settled overnight and kept refrigerated at 41C to avoid degradation before its supply to the reactor.
The sludge used as inoculum was a flocculent activated sludge collected from the nitrifying-denitrifying system from a municipal WWTP. Physical properties of this sludge were: Sludge Volumetric Index (SVI) of 115 mL (g VSS) À1 and settling velocity of 0.20 m h À1 . conductivity and pH was carried out according to Standard Methods for the Examination of Water and Wastewater (2005) . Concentrations of total organic carbon (TOC) and inorganic carbon (IC) were measured with a Shimadzu analyser (TOC-5000). Chemical Oxygen Demand (COD) was determined by a semi-micro method (Soto et al. 1989) . Biomass density was determined using dextran blue (Beun et al. 1999) . The morphology and size distribution of the granules were measured regularly by using an image analysis procedure (Tijhuis et al. 1994 ) with a stereomicroscope (Stemi 2000-C, Zeiss).
Analytical methods
Analytical determination of total suspended solids (TSS), volatile suspended solids (VSS), ammonium (NH
4 þ ), nitrite (NO 2 À ), nitrate (NO 3 À ), sludge volumetric index (SVI), PLC(2)
RESULTS AND DISCUSSION
Granule formation and properties
The washout of inoculated biomass and the appearance of small granules took place in only five days after start-up. After 10 days, the average feret diameter of the granular biomass was 1.87 mm and the volatile solids content inside the reactor was 1.27 g VSS L À1 with a SVI of 87 mL (g VSS) À1 (Figure 3) . A sharp increase of solids concentration was observed as the result of the development of aerobic granules (days 1-25), then it increased proportionally to the increase of OLR in each period until reaching 16.1 g VSS L À1
on day 158 ( Figure 3 ) with a calculated overall biomass yield of 0.19 g VSS (g COD) À1 . Until day 158, the SVI gradually decreased and reached a value of 20 mL (g VSS) À1 . After day 158 of operation a sharp decrease of solids content was observed inside the reactor, that varied from 16.1 to 3.7 g VSS L À1 , and a increase in the SVI up to 54 mL (g VSS) À1 . The formation of granule structures during the start-up of the operation of an aerobic granular reactor is determined by the presence of alternating feast (presence of COD in the liquid media) and famine conditions (absence of COD in the liquid media) (McSwain et al. 2004 ) which also affects the biomass physical properties. In order to determine the length of each phase, the evolution of the organic matter concentration along one operational cycle was measured in different periods. The effect of the increase of OLR was reflected in the length of the feast and famine periods that varied from 15 to 60 min on days 44 and 150, respectively (Figure 2) , and also affected the available dissolved oxygen concentration in the bulk liquid, which was around 3 mg O 2 /L during the famine phase and then increased to 7 mg O 2 /L in the feast phase on all the analysed days. In order to have stable granules it is necessary to keep the feast/famine ratio to low values. It was previously reported that a ratio around 4, which means a famine phase not longer than 20% of the cycle length, caused instability of aerobic granules (Liu & Tay 2007) . Optimal performance of the system was achieved with a ratio around 0.21 (82% of the cycle in famine phase). In the present study, it was observed that the variation of the feast/famine ratio with the increase of OLR did not affect the macroscopic structure of aerobic granules because the ratio was kept down to 0.3, but it could be the cause of the limitation in the formation of new aerobic granules during Stage II since the feast/famine ratio was 0.5 with 67% of the cycle length with famine phase on day 270. The density of the formed granules and mean feret diameter followed a similar pattern with the solids concentration inside the reactor. The density increased slowly alongside the increase of OLR, and ranged from 25 to 50 g VSS (L granule ) À1 from days 25 to 125, and reached a maximum on day 150 with a value of 100 g VSS (L granule ) À1 (Figure 3) . The average feret diameter also increased, from 2.1 to 4.9 mm, and it reached a maximum value of 5.2 mm on day 153. This uncontrolled granular growth from days 130 to 158 caused the granules to reach the level of the discharge port, and they were partially washed out. Furthermore, the breakage of granules and the decrease of solids concentration was observed from day 158 on. The breakage could be related to the increase of both density and diameter of granules, which could cause limitation of internal and/or external oxygen transfer rate, respectively (Mosquera-Corral et al.
2005; Lemaire et al. 2008).
At the beginning of Stage II, the biomass concentration in the reactor had recovered its previous value of 15 g VSS L À1 , although the overgrowth of filamentous structures on the granules, surface was observed (Figure 4 ). The SVI was 32711 mL (g VSS) À1 and density around 50 g VSS (L granule ) À1 . During this stage, the modification of the volumetric exchange ratio significantly influenced the stability of the system. This modification promoted a quick growth of heterotrophic microorganisms in the form of flocculent biomass inside the system, with worse settling properties (SVI of 72 mL (g VSS) À1 ) than the aerobic granular biomass. Furthermore, the solids content in the influent (around 6 g TSS L À1 ) caused their accumulation in the system. Moreover, flocculent biomass was also accumulated because the decrease of the volumetric exchange ratio avoided their being washed out (Schwarzenbeck et al. 2005; Wang et al. 2006) . In spite of the global increase of solids inside the system, previously formed aerobic granular biomass maintained its structure during the time. Concentration of biomass in the form of granules inside the reactor decreased gradually because of the fact that sometimes they were trapped in these flocculent solids and were washed out. In order to treat swine slurry without dilution and avoid the predominance of flocculent solids inside the reactor it would be necessary to incorporate a previous step to eliminate the solids content from the influent and to incorporate periodical purges of biomass from the reactor.
The solids content in the effluent was mainly affected by the increase of solids content in the influent and followed the same pattern as the increase of the biomass concentration inside the reactor. Periodical episodes of higher biomass concentrations in the effluent were observed (days 115-125, 160-170) with values up to 1 g VSS L À1 when the biomass volume inside the reactor reached the maximum level of the effluent port.
Organic matter removal
In spite of the changes in the OLR (Table 1) , the system removal efficiency was kept around the same values during the two different operational stages: 8774% and 9172%, respectively ( Figure 5 ). The fraction of COD that remained in the effluent was around 10% of the COD fed into the reactor and corresponded to the slowly biodegradable or non-biodegradable fraction of swine, as reported by Shin et al. (2005) .
It has to be considered that the feeding pattern is an important operational parameter that influences the aerobic granulation, and therefore the maximum applied OLR value has to be chosen carefully. It was found that OLR could exert a microbial selection pressure on the granulation process and affect the performance of granules by selection and enriching different bacterial species (Moy et al. 2002) . From previous studies it was stated that increasing the OLR increases the possibility of aerobic granules to become unstable. The outgrowth of filamentous micro-organisms, and the possible presence of anaerobes in the inner zone due to oxygen limitations, have been reported . However, the organic loading rate threshold for the instability of aerobic (Table 1 , Stage IA) was applied to the system the oxidation of ammonia into nitrite was observed, with a denitrification period in the first 15 min of the cycle. With the increase of OLR and NLR, an increase of denitrification efficiency was observed ( Figure 6 ). In an analysis performed on one operational cycle on day 101 (Stage IC) simultaneous nitrification and denitrification (SND) was observed, on this day; 95 mg N L À1 of the fed ammonia was removed along all the length of the cycle, with the accumulation of less than 21 and 25 mg N L À1 of nitrite and nitrate, respectively. The SND phenomenon is common in aerobic granular systems and was reported previously in diverse systems (Zeng et al. 2003; de Kreuk et al. 2005) . Denitrification was carried out in spite of aeration, and when most of the organic matter was depleted; this fact can be explained due to the presence of pre-accumulated poly-b-hydroxybutyric acid (PHB) in microbial granules that could be utilised for cell maintenance and denitrification in the absence of an external carbon source (Qin et al. 2005) .
The nitrogen removal efficiency during Stage ID and Stage II was variable, with a period of only 15 days (145-160) in which the nitrogen removal seemed to recover to previous values (Figure 6 ). In both stages nitrogen was mainly removed due to biomass production. Furthermore, the decrease of nitrogen removal efficiency could be related to the increase of the free ammonia concentration in the system. The pH values ranged from 8.3 during the feast phase to 7.9 at the end of each measured cycle, which, combined with the ammonia concentration, produced high free ammonia concentration. The results obtained from the operational cycle measured on day 150 indicated that free ammonia concentrations were higher than 20 mg N L À1 for more than 160 min. Previous studies showed that nitrification by Nitrosomonas was inhibited at free ammonia concentrations greater than 10 mg N L À1 either in suspended biomass or in aerobic granules (Anthonisen et al. 1976; Yang et al. 2004) . The increase of OLR could contribute by causing the decrease of granule nitrifying activity due to the reduction of oxygen penetration depth into the granules, reducing the amount of oxygen available for ammonia oxidising bacteria .
CONCLUSIONS
The aerobic granular sludge technology showed its feasibility for the treatment of swine slurries in an SBR reactor operated for more than 300 days. 
